ABSTRACT. Levels of cadmium (Cd), lead (Pb) and total mercury (Hg) were assessed in samples of muscle, kidney, and liver from caribou (Rangifer tarandus; n = 317) harvested in two regions of northern Québec between 1994 and 1996. Levels of 137 caesium ( 137 Cs) were also examined in muscle samples. Log concentration of the three metals varied significantly among tissues and was lowest in diaphragm muscle and highest in kidneys and liver. Mean Cd (wet weight, w.w.) concentration was 0.01 µg 
INTRODUCTION
Since the beginning of the industrial era, northern Québec (55˚-62˚ N, 59˚-80˚ W, Canada), like many northern ecosystems, has been exposed to large quantities of potentially toxic substances via long-range atmospheric transport (Barrie et al., 1992) . Moreover, the Chernobyl accident, which occurred in 1986, resulted in a 14 -15% increase in concentrations of fission-related isotopes in Canadian Arctic lichens (Taylor et al., 1988) . The presence of anthropogenic heavy metals, such as cadmium (Cd), lead (Pb) and mercury (Hg), and radioisotopes, such as 137 caesium ( 137 Cs), has been documented in different wildlife species in these remote regions (Crête et al., 1987 (Crête et al., , 1990 (Crête et al., , 1993 Thomas et al., 1992, Gamber and Scheuhammer, 1994; Elkin and Bethke, 1995; Langlois and Langis, 1995; Kim et al., 1998; Braune et al., 1999; Aastrup et al., 2000; Larter and Nagy, 2000) . In northern ecosystems, the barren-ground caribou (Rangifer tarandus), as an herbivore, is exposed to toxic substances mainly through its plant diet. In northern Québec, lichens represent up to 77% of the caribou diet during the fall and winter seasons (Gauthier et al., 1989) . Lack of a root system, slow growth, and large surface area in lichens are factors contributing to a large concentration of toxic substances, such as Cd, Pb, Hg, and 137 Cs in these plants (Crête et al., , 1992 Thomas et al., 1992; Nash and Gries, 1995; Macdonald et al., 1996) . Several studies from Canada (Northwest Territories), Greenland, Norway, and Sweden report variation in tissue levels among different populations of caribou and reindeer (Froslie et al., 1986; Eriksson et al., 1990; Aastrup et al., 2000; Larter and Nagy, 2000) . Both spatial and temporal heterogeneity in diet may account for the differences across studies. For instance, populations of caribou with a larger lichen component in their diet may show greater levels of heavy metal contamination. Variation in the availability of lichens as winter forage has also been linked to seasonal differences in contamination in caribou and reindeer (Hanson, 1967; Aastrup et al., 2000) . Therefore, factors that influence the contaminant burden in lichens and other plant foods are expected to affect contamination levels in caribou. In addition, variation in underlying geology was suggested to account for some of the differences across studies (Larter and Nagy, 2000) .
Once in the body, Cd, Pb, and Hg accumulate in different organs, such as the liver and kidneys. They also target other tissues, including muscles, but to a lesser degree (Goyer, 1991; Stansley et al., 1991; Medvedev, 1995) . In contrast, absorbed 137 Cs concentrates in different tissues but mainly in muscle (Holleman et al., 1971) . Several factors may influence the fate of toxic substances once they have entered the body. For instance, chemical form, diet type, and age can influence the proportion of Pb that will be absorbed through the intestines (Humphreys, 1991) .
In Québec, Native people such as the Inuit, as well as sport hunters, consume caribou on a more or less regular basis (Rapport Santé Québec, 1992) . Moreover, a project of commercialization of caribou meat was undertaken in 1993. Following a study in northern Québec in the late 1980s, Crête et al. (1989) advised limiting the consumption of caribou liver and kidneys, basing their recommendations on those of the World Health Organization. To our knowledge, no surveillance system related to toxic substances is currently in place in northern Québec. Hence, the current levels of potentially toxic substances in caribou from this area are unknown. Although caribou are harvested from different regions in northern Québec, regional trends in toxic compound levels have not been investigated in the area. Crête et al. (1989 Crête et al. ( , 1990 focused primarily on the caribou herd belonging to the George River region. Harvested caribou may also originate from the more westerly Leaf River region.
We investigated spatial trends in Cd, Pb, Hg, and 137 Cs levels in different tissues sampled from caribou belonging to two different, spatially segregated populations. We also evaluated the influence of age, sex, body mass, and time of year on tissue levels. Recent studies, often with limited sample sizes, have reported inconsistent effects of age and sex on metal levels in different tissues (Froslie et al., 1986; Crête et al., 1989; Eriksson et al., 1990; Aastrup et al., 2000; Larter and Nagy, 2000) . Finally, we discuss current findings with respect to the risk associated with human consumption and the toxicological significance for these animals.
METHODS

Study Area and Sampling Procedure
The area studied is in northern Québec, more specifically in the central Ungava peninsula (Fig. 1 ). Granites and gneisses characterize soils in the area. Interspersed among small bodies of water in the area are two plant communities: shrub-tundra and stands of small trees. Lichens, and to a lesser extent moss-or shrub-dominated vegetation, dominate the plant communities. The lichen biomass available in the Leaf River basin is twice that found in the eastern area. The George River herd, in the middle of the eastern region, consists of approximately 800 000 individuals. The herd resides in the George River basin during calving and migrates south and west in the winter, reaching as far as Hudson Bay. The smaller Leaf River herd contains approximately 100 000 individuals (Crête and Doucet, 1998) . The Leaf River herd resides to the west of Ungava Bay in the summer and migrates south to the Leaf River Basin and below in winter, overlapping with the George River herd. A third herd, more to the east and probably segregated spatially from the George River herd, resides in the Torngat Mountains during calving and summer and migrates to the coastal plain of eastern Ungava Bay in the winter (Schaefer and Luttich, 1998) . Local industry and mining activity are limited, and many contaminants in the area represent fallout from long-range atmospheric transport.
Samples of diaphragm muscle, kidney, liver, and teeth (first incisors) were collected on caribou brought by Inuit hunters to four different abattoirs during the periods December 1994 -May 1995 and December 1995 -May 1996 (Fig. 1) . In the first season, carcasses from only one abattoir (Umiujjaq) were sampled. Every second animal brought to the facilities was selected for analysis on sampling days. Animals collected at the Umiujjaq, Quaqtaq, and Kangiqsujjuaq facilities are known to originate from the Leaf River region. Animals collected at the Kangiqsualajjuaq facility originate from either the more easterly George River region or the Torngat Mountains region. For statistical purposes, caribou were assigned to one of two regions of origin: 1) Leaf River (LR) and 2) George River-Torngat Mountains (GRTM).
Analytical Procedure
Approximately 200 g of tissue (or occasionally one whole kidney) made up each sample. Specimens were frozen at -20˚C in separate plastic bags and shipped to the laboratories. The heavy metal analyses were conducted at the Ministère de l'Agriculture, des Pêcheries et de l'Alimentation in Québec City, Québec, Canada. Thirty diaphragm-muscle samples of 500 g from the Umiujjaq, Kanqiqsujjuaq, or Kangiqsualujjuaq facilities were frozen at -20˚C in separate plastic bags and shipped to the Whiteshell Laboratories near Pinawa, Manitoba, Canada, for 137 Cs analysis. Analytical methods and quality control for the 137 Cs analysis are described in Macdonald et al. (1996) .
For the heavy metal analyses, sample handling was conducted under clean-room, class 100 conditions. All tissue samples were homogenized using a blade mixer. For Cd and Pb determinations, 2 g aliquots of homogenized samples were first digested in 6 ml of nitric acid mixed with 2 ml of hydrogen peroxide 50% (w/w). Samples were then dried and microwave-digested, using 3 ml of concentrated nitric acid in a Prolabo Microdigest A300 system. Blanks containing 3 ml of nitric acid were included every 15 samples for quality control. Digests were diluted to 25 ml. Sample digestion for Hg analysis was conducted separately, using 5 g aliquots of homogenized samples. Samples were wet-digested by heating, using nitric acid and sulphuric acid consecutively in a Tecator digesting system.
Cd and Pb determination (µg • g -1 , wet weight) was done with a Perkin Elmer 4100ZL furnace atomic absorption spectrophotometer, which uses transverse heating of graphite cuvettes and longitudinal Zeeman effect background correction. Cd and Pb were measured at a wavelength of 228.8 nm and 283.8 nm, respectively. Metal determination was made on pyrocoated platforms, using ammonium phosphate and magnesium nitrate as matrix modifiers. The precision of the spectrophotometer was verified with a certified reference product (Setpoint from Analytical Products Group Inc #7878) at the beginning of each session. A quality-control sample was run every five samples. Calibration of the Cd and Pb analysis was continually checked using certified standard samples (Seigniory Chemical Products #SC 5213151-Cd; #SC 5305430-Pb). The detection limits were 1 ppb w.w. for Cd and 5 ppb w.w. for Pb. All the muscle samples were analyzed without further dilution. Liver samples could be diluted at 1/20 and kidney samples at 1/100 for Cd determination. For Pb determination, all the kidney samples were analyzed without dilution, and liver samples were diluted by one-third.
Total Hg (µg • g -1 , wet weight) was determined by cold vapour technique atomic absorption spectrophotometry (Varian AA-1475), using tin chloride as a reducing agent. The wavelength used for Hg was 253.7 nm. Calibration of the analysis was continually checked every four samples, using certified standard samples (Seigniory Chemical Products #SC 5318457). The detection limit was 10 ppb w.w. To prepare samples for analyses, 5 g of tissue sample was digested in a solution containing 20 ml of nitric acid (69%) and 10 ml of sulphuric acid (99%). Final temperature during digestion was maintained between 115˚ and 120˚C. Temperature was not increased above the boiling point of nitric acid. The procedure was stopped when the nitric acid in the solution was almost completely evaporated. These conditions insured permanent oxidizing conditions and protected samples from any possible Hg loss by evaporation, caused by the presence of organic compounds in the sulphuric acid solution.
Age was determined by counting cementum annuli of the central incisors. The error associated with aging has been estimated at ± 1 year (Matson's Laboratory, Milltown, Montana, U.S.A.). Body mass (kg) was obtained from noneviscerated animals upon their arrival at the abattoir.
Statistical Analyses
Concentration data were log 10 transformed to normalize distributions. Separate repeated-measure ANOVAs for the three metals were used to examine differences in log concentrations in the three different tissues of the same individual carcass. Tukey's post-hoc tests on log means were used to examine differences between tissues.
Separate general linear models were performed to test the effects of age category (immature = 0 -2 years; adult = 3 years or older), sex, region of origin (LR, GRTM), time of year (month of collection treated as a class variable), and body mass on log Cd, Pb, and total Hg concentrations in the three different tissues. Interactions between region and age, region and time of year, age and sex, and finally sex and time of year were also examined. Nonsignificant interaction terms were dropped from the final models. Directional trends with respect to time of year were assessed using regression parameters. Because of the small sample size, the analysis for log 137 Cs was restricted to the effect of region, time of year, and age category. Data on metal levels were available in both study years for one abattoir only. In the models for this subsample, year of study failed to influence log concentration of all three metals in kidneys and liver; however, log concentration for some metals did vary between years in muscle samples. We thus pooled data from the two field seasons for kidney and liver analyses and used data from the second field season only in muscle analyses. In all analyses, the level of statistical significance was set at 0.05.
RESULTS
A total of 317 carcasses were examined over the twoyear study. A large proportion of caribou carcasses (n = 264, 83.3%) originated from the LR region. Sex was determined in 303 animals, and 80% were males. Males were on average 5.3 ± 2.4 years old and weighed 88.0 ± 20.7 kg. Females were on average 3.9 ± 2.8 years old and weighed 62.2 ± 16.5 kg.
Log concentration varied among tissues for the three metals (p < 0.0001) and was lowest in muscle (Fig. 2) . Highest levels occurred in kidneys for log total Hg and log Cd and in liver for log Pb (all pair-wise comparisons: p < 0.0001).
Region of origin influenced log concentrations of Cd and Hg in muscle, kidneys, and liver, with samples from the LR region showing higher levels (Tables 1 and 2 ). The same effect of region on log Pb concentration was found in kidneys, but the trend was not significant in muscle and liver samples (Table 2) .
Log concentration increased with the age of the animal for Cd and Pb in kidneys, but log Pb concentration decreased with age in muscle (Tables 1 and 2 ). Effects of sex proved limited and marginal: in liver samples, females showed higher log levels of Cd than males, and in kidneys, a pattern of decrease in log Hg concentration was documented in males, but not in females (Table 2) . Variation between months of collection occurred in nearly all metal-tissue combinations, and time of year occasionally interacted with region or sex ( Table 2) . With respect to region, log concentration of Pb in kidneys and log Hg in kidneys and muscle decreased from December to May in the LR region, but it increased or remained stable in the GRTM region (Table 2) . With respect to sex, log Hg concentration decreased with time of year in males, but not in females ( Table 2) . Effects of body mass proved limited and marginal: in kidneys, log Cd concentration increased with body mass, while log Pb concentration decreased with body mass (Table 2 ). All interaction terms between region and age and between age and sex proved nonsignificant.
137 Caesium in muscle ranged from 51.0 to 154.8 Bq • kg -1 , with a mean value of 94.7 ± 28.0 Bq • kg -1 . We failed to detect an influence of region (p > 0.7), time of year (p > 0.8), or age (p > 0.3).
DISCUSSION
Tissue Metal Concentrations within Animals
With respect to type of tissue, log levels were lowest in muscle and highest in kidneys (for Cd and total Hg) and liver (for Pb). A similar relative order of tissue concentrations has been reported in other recent studies (Braune et al., 1999; Jorhem, 1999; Medvedev, 1999) .
Spatial Variation
Regional differences occurred in log concentration of the three metals for most tissues, with the western region consistently showing higher values. Spatial variation in Cd concentrations has been documented on a much larger scale in the Canadian Arctic, with western herds of caribou showing higher levels than eastern herds (Gamberg and Scheuhammer, 1994; Elkin and Bethke, 1995; Braune et al., 1999) . On a smaller scale, Crête et al. (1992) have shown that lichens in the western part of northern Québec exhibit higher Cd, Pb, and Hg concentrations than lichens in the middle-eastern regions. In recent years, caribou from the LR region have occupied the more contaminated northwestern regions, while caribou from the GRTM region have ranged mostly within the less contaminated eastern regions of northern Québec (Crête et al., 1992) . The lichen biomass of the northwestern part is also twice that found in the eastern area. Therefore, the LR region probably provides a larger supply of more contaminated lichens to browsing caribou.
Results indicate that contaminant concentrations often vary from month to month and can interact with region of origin. In particular, concentration of several metals decreased from December to May in the LR region, but increased during the same period in the GRTM region. Details about the foraging ecology and physiology of caribou during this period in the two regions would be needed to pinpoint the causes of these fluctuations. Such interactions indicate that the scope of differences across regions in general can vary as a function of time of year. This suggests a potential source of bias when comparing results from studies undertaken at different times of the year. To facilitate comparison with our wet-weight concentrations, dry-weight concentration estimates available from the literature were transformed to a wet-weight basis using the mean water content of different organs in caribou from northern Québec . Mean Cd concentrations measured in kidney, liver, and muscle of caribou from the GRTM region were lower than those reported a few years earlier in the same region (liver: 1.2 -2.9 µg • g -1 ; kidney: 11.7-40.7 µg • g -1 ; muscle: 0 -0.20 µg • g -1 ; . Mean Pb concentrations in liver were also lower than those reported in the earlier study from the GRTM region (1.1 µg • g -1 ; Crête et al., 1990) . Mean Pb concentrations in our kidney samples were similar to those found in caribou from the Northwest Territories (0.20 -2.7 µg • g -1 ), but concentrations in our liver samples were generally higher than those from caribou in the Northwest Territories (0.07 -0.34 µg • g -1 ; Elkin and Bethke, 1995) . Total mercury liver concentrations from the LR region were smaller than earlier levels found in the same region (0.5 µg • g -1 ; Crête et al., 1990) . Levels found in the GRTM regions must therefore have decreased to an even greater extent. Liver and kidney concentrations in our samples were generally similar to those found in caribou from the Northwest Territories (kidney: 0.41 -2.32 µg • g ; Elkin and Bethke, 1995) .
Effect of Age, Sex, and Mass
Not surprisingly, age was associated with kidney log Cd levels. In other cervids, older animals usually exhibit higher levels (Wolf et al., 1982; Froslie et al., 1986; Crête et al., 1989 Crête et al., , 1990 Eriksson et al., 1990; Stansley et al., 1991; Rintala et al., 1995; Borch-Johnsen et al., 1996) . Continued retention is known to induce a progressive accumulation of Cd in soft tissues, particularly in kidneys (Goyer, 1991) . The effect of age was not documented for log total Hg. Log Pb concentration increased with age in kidneys, but decreased with age in muscle. In most animal species, skeletal tissue is the main site of Pb accumulation following chronic exposure to low doses. Bone Pb concentrations tend to be higher in older individuals. When the level of bone Pb reaches a threshold value, Pb is then also deposited in other tissues, especially kidneys, where it has a low turnover rate (National Academy of Sciences, 1980) . In humans, concentration in kidneys increases with age. The decrease with age in caribou muscle was therefore unexpected. As uptake and storage of Pb vary in many species with age, Pb kinetics may be influenced by physiological stress on immature, growing animals, in relation to the metabolism of calcium (Humphreys, 1991) .
We documented few effects of sex. Sex-related differences in metal concentrations have been reported in other big game species (Khan and Forester, 1995; Crête et al., 1989) . In caribou, kidney mass is known to fluctuate through time as a function of reproductive status. Kidney mass thus increases in males from the stressful rut period in early winter to the summer months . The reverse trend occurs in females, presumably as a response to the demands of gestation and lactation in the early summer months. Consequently, metal concentrations in kidneys are expected to vary seasonally, in response to organ mass fluctuations, in the opposite direction for males and females. Data were collected from early winter to the beginning of summer in the present study. We documented only one interaction between sex and time of year: males showed lower values of log Hg in kidneys with time, while females retained similar levels. This result provides only partial support for the stress hypothesis. Females showed higher levels of Cd in liver than males, but data on seasonal mass fluctuations in liver are not available to assess the stress hypothesis for this organ. We documented few effects of body mass, presumably because body mass and age are correlated, and age is a better predictor of contaminant burden.
Caesium
Higher levels of 137 Cs in lichens have been documented in the middle-eastern part of northern Québec, a region associated with caribou from the GRTM region (Crête et al., 1992) . However, spatial variation in lichen burden failed to influence 137 Cs levels in our limited muscle samples. Muscle samples, in general, contain the lowest levels of contaminants (e.g., Jorhem, 1999; Medvedev, 1999; this study) . It remains to be seen whether the lack of spatial heterogeneity would also be documented in tissues such as liver and kidneys, which contain higher concentrations of contaminants.
Average concentrations in muscle samples were higher than levels found in various other regions of the Canadian North (Macdonald et al., 1996) . However, current levels in muscle are lower than those found in caribou from the GRTM region in 1986 and 1988 (Crête et al., 1990 (Crête et al., , 1993 . The decrease in concentration continues to the present day (Braune et al., 1999) and probably follows the moratorium on atmospheric weapons testing reached in 1963 (Elkin and Bethke, 1995) .
Food Safety Issues and Caribou Health
Cd levels exceeded the 1 ppm consumption tolerance threshold in nearly all kidney samples and in 45% of liver samples. Pb concentrations never exceeded the 2 ppm consumption threshold in the kidneys, but 6% of liver samples showed unacceptable levels. Total Hg concentrations exceeded the 0.5 ppm consumption threshold in 54% of liver samples and 81% of kidney samples. Thus current restrictions on the consumption of liver and kidneys of caribou from northern Québec should still be maintained. Apparent temporal changes in metal concentrations suggest that regular monitoring is important to provide realistic advice.
Concentrations of 137 Cs in samples of caribou muscle are known to follow an annual cycle; the highest levels are reached in winter and the lowest in summer (Crête et al., 1993; Macdonald et al., 1996) . Values reported in the present study should thus be considered as upper estimates. The International Commission on Radiological Protection recommends that the public should not be exposed to more than 1 mSv of radiation from a regulated human activity in a given year (ICRP, 1991) . Using data from the GRTM region, more than 275 muscle meals from caribou killed in winter must be consumed to achieve the annual dose of 1 mSv. Similarly, more than 600 muscle meals from caribou killed in summer would be needed to achieve the target value (Crête et al., 1993) . The 137 Cs levels measured in the present study appear safe in view of the ICRP recommendations.
Caribou in the present study were selected by Inuit hunters, which probably biased sampling toward more desirable prey, such as large and vigorous animals. While the present results are representative of the hunted population of caribou, it remains to be seen to what extent these findings apply to the populations of northern Québec caribou as a whole.
Despite large individual variation in metal concentrations among sampled caribou, no particular ill-health events were reported at the abattoirs. If exposure levels led to clinical signs in certain animals, selective hunting would not likely present a valid picture at the herd level. Subclinical signs may have been present. However, neither NOELs (no observed effect levels) nor LOELs (lowest observed effect levels) are provided for cervids in the literature. Moreover, the toxicological significance of Cd residue levels in certain species, including cervids, needs to be evaluated (Stansley et al., 1991 , Wren et al., 1995 . Biomarkers of subclinical effect would be necessary in order to evaluate such a level of pathology. More studies are definitely needed.
Contaminants measured in this study biomagnify along the food chain and could have an impact at the ecosystem level, which remains to be investigated. However, in contrast to the levels found in aquatic ecosystems, bioaccumulation of Hg in terrestrial ecosystems is relatively small, as shown in the relatively low levels of Hg in tissues compared to those found in piscivorous mammals (Wren, 1986; Fortin et al., 2001 ). In addition, Native populations are exposed to more than one source of these contaminants through their traditional way of life.
